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-  The  Space  Sciences  Laboratory  of  The  Aerospace  Corporation  is  currently 
defining  an  experiment  to  test  a  loop  antenna  configuration  as  a  very  low 
frequency  (VLF)  transmitter  In  the  Ionosphere.  The  experiment  is  sponsored 
by  the  Naval  Air  Systems  Command.  The  primary  objectives  of  the  experiment 
are  to  validate  existing  models  for  radiation  by  a  loop  antenna  and  to  study 
the  performance  of  the  antenna  In  the  ionospheric  plasma.  The  antenna  will 
be  carried  into  orbit  in  the  payload  bay  of  the  Space  Shuttle.  During  the 
radiation  tests  it  will  be  deployed  above  the  payload  bay  by  the 
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remote  manipulator  system.  A  VLF  receiver  aboard  a  subsatelllte  will  be 
used  to  map  the  radiation  pattern  of  the  antenna  by  measuring  the  field 
Intensities  at  distances  of  1  to  100  km  from  the  transmitter.  Calculations 
predict  that  the  antenna  Impedance  will  only  be  slightly  modified  by  the 
plasma  and  that  the  link  to  the  receiver  can  be  closed  at  distances  well 
beyond  100  km.  A  one-third  scale  model  of  the  antenna  has  been  con¬ 
structed.  Impedance  measurements  have  been  made  on  the  model  In  a  5-m 
diameter  space  plasma  simulation  chamber  at  NASA  Lewis  Research  Center.  The 
measurements  confirm  chat  the  reactance  of  the  antenna  in  an  Ionospheric 
plasma  is  essentially  Identical  to  its  free  space  self-inductance.  The 
effective  series  resistance  of  the  circuit  increases  with  frequency.  The 
losses  are  attributed  to  power  transferred  to  plasma  turbulence. 
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I.  INTRODUCTION 


Both  the  Navy  and  NASA  have  objectives  that  require  the  radiation  of 
significant  amounts  of  power  at  very  low  frequencies  (VLF)  in  the  iono¬ 
sphere,  Electric  dipole  and  magnetic  loop  antennas  have  been  proposed  as 
transmitting  antennas. 

TRW  is  currently  defining  a  VLF  transmitter  using  an  electric  dipole  for 
NASA's  Waves  In  Space  Plasmas  (WISP)  facility.  WISP  is  to  fly  on  the  Space 
Plasma  Lab  1  Mission  tentatively  scheduled  for  launch  in  1988.  At  the  Space 
Sciences  Laboratory  of  The  Aerospace  Corporation  we  are  defining  a  VLF 
transmitter  using  a  multiturn  loop  anteona.  The  experiment  is  designated 
NASC-201 .  It  is  currently  first  on  the  U.  S.  Air  Force  Space  Test  Program 
experiment  rankings  list. 

The  loop  antenna  configuration  and  tests  of  a  one-third  scale  model  of 
the  antenna  in  a  space-plasma  simulation  chamber  are  described  in  this  report 


II.  BACKGROUND 


The  theory  for  the  Impedance,  the  radiation  resistance,  and  the  radiation 
pattern  for  both  dipole  and  loop  antennas  at  VLF  in  a  plasma  was  formulated  in 
the  early  1970's  [Wang  and  Bell,  1970,  1972;  Bell  and  Wang,  1971]. 

Measurements  of  the  Impedance  of  electric  dipole  antennas  in  the  low 
voltage  linear  regime  have  been  performed  using  both  rocket  and  satellite 
probes  [Liephart  et  al . ,  1962;  Shawhan  and  Gurnett,  1968;  Grard  and  Tunaley, 
1968;  Gurnett  et  al.,  1969;  Koons  et  al.,  1970].  These  measurements  showed 
that  the  impedance  of  the  plasma  sheath  surrounding  the  antenna  elements 
dominated  the  impedance  at  the  antenna  terminals.  Shkarofsky  [1972]  developed 
a  quasistatic  nonlinear  sheath  model  which  he  used  to  compute  the  impedance  of 
an  electric-dipole  antenna  driven  at  voltages  much  larger  than  plasma  poten¬ 
tial  . 

Measurements  of  the  nonlinear  Impedance  were  made  on  a  32-m  dipole  at 
voltages  up  to  100  V  peak-to-peak  at  seven  frequencies  from  400  Hz  to  14  kHz 
on  the  OVl-21  satellite  by  Koons  and  McPherson  [1974].  The  magnitude  of  the 
Impedance  was  in  excellent  agreement  with  Shkarofsky' s  model.  However,  the 
phase  was  found  to  advance  with  increasing  voltage  drive  and  increasing  fre¬ 
quency.-  This  phase  advance  Implied  an  inductive  reactance  in  the  circuit. 

This  result  was  contrary  to  existing  nonlinear  sheath  models  which  predicted 
an  increasing  capacitive  reactance  as  frequency  and  voltage  Increase 
[Shkarofsky,  1972;  Baker  et  al . ,  1973]. 

The  conclusion  from  the  OVl-21  impedance  measurements  was  that  an  elec¬ 
tric-dipole  antenna  could  not  be  resonated  using  a  fixed  reactance  because 
nonlinear  plasma  effects  caused  significant  changes  in  the  Impedance  of  the 
antenna  circuit  on  a  time  scale  that  is  shorter  than  the  period  of  the  applied 
signal.  The  theory  for  a  loop  antenna  in  an  ionospheric  plasma  predicts  that 
the  resonant  frequency  will  only  shift  about  1  part  in  10^  [Wang  and  Bell, 


III.  ANTENNA  CONFIGURATION 


The  concept  of  the  NASC-201  experiment  is  shown  in  Fig.  1.  The  experi¬ 
ment  will  fly  on  the  Space  Shuttle.  The  antenna  will  be  deployed  by  the 
Remote  Manipulator  System  (RMS)  so  that  the  antenna  is  held  in  the  plasma 
above  the  payload  bay.  The  radiation  pattern  shown  in  the  figure  represents  a 
typical  pattern  in  the  ionosphere.  The  pattern  is  azimuthally  symmetric  about 
the  magnetic  field  line.  A  subsatellite  containing  a  VLF  receiver  and  plasma 
diagnostics  will  measure  the  radiation  intensity  and  radiation  pattern  to 
distances  of  100  km  from  the  transmitting  antenna. 

The  antenna  consists  of  about  100  turns  of  3/8-in  copper  tubing.  It  is 
3.3  m  in  diameter  and  2.5  m  long.  A  one-third  scale  model  of  the  antenna  is 
shown  in  Fig.  2. 

An  electrical  block  diagram  of  the  transmitter  system  is  shown  in 
Fig.  3.  It  is  currently  planned  to  have  the  power  amplifier  and  tuning 
network  with  the  antenna  on  the  RMS.  This  simplifies  the  electrical 
accommodation  by  passing  direct-current  primary  power  up  the  RMS  rather  than 
alternating-current,  secondary  power  at  much  higher  voltage.  Four  or  five 
frequencies  approximately  an  octave  apart  will  be  used.  This  simplifies  the 
tuning  circuit  which  will  be  a  switchable  Capacitor  bank. 
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IV .  RADIATION 


Calculations  of  the  radiation  pattern  and  field  intensity  have  been 
performed  for  several  typical  sets  of  ionospheric  parameters.  Fig.  4  shows 
the  field  Intensity  at  1  kHz  at  a  distance  of  100  km  from  the  antenna  as  a 
function  of  the  wave-normal  angle  of  the  radiated  whistler-mode  wave  for  the 
parameters  listed  in  Table  1 .  The  index  of  refraction  of  the  medium  for  this 
case  is  shown  in  Fig.  5.  The  maximum  signal  intensity  occurs  at  the  inflec¬ 
tion  point  in  the  index  of  refraction  surface  near  a  wave-normal  angle  of  60 
deg  where  the  wave  normals  are  essentially  parallel  over  a  small  angular 
range.  In  real  space  the  energy  propagates  within  a  cone  whose  half-angle  is 
approximately  20  deg.  The  data  in  Fig.  4  are  replotted  in  Fig.  6  as  a 
function  of  the  polar  angle  in  real  space.  The  peak  near  20  deg  corresponds 
with  the  maximum  at  a  wave-normal  angle  of  60  deg.  The  higher  branch  of  the 
curve  in  Fig.  6  corresponds  to  wave-normal  angles  greater  than  60  deg.  The 
curve  rises  to  a  somewhat  larger  value  then  goes  to  zero  at  a  polar  angle  of 
zero  deg.  The  index  of  refraction  of  this  upper  branch  is  significantly 
larger  than  the  index  of  refraction  of  the  lower  branch. 

The  magnetic  field  strength  at  a  distance  of  100  km  in  the  ionosphere  is 
plotted  in  Fig.  7  as  a  function  of  the  electron  density  at  the  transmitter  and 
in  Fig.  8  as  a  function  of  the  geomagnetic  field  strength  at  the  trans¬ 
mitter.  The  received  field  is  directly  proportional  to  the  electron  density 
and  inversely  proportional  to  the  geomagnetic  field  strength. 

These  results  have  Important  implications  for  the  conduct  of  the  flight 
experiment.  First,  within  the  ionosphere  the  signal  is  only  expected  to  be 
detected  within  an  angle  of  about  20  deg  with  respect  to  the  local  magnetic 
field  direction.  There  is  adequate  link  margin  to  measure  the  field  intensity 
to  100  km  in  the  ionosphere.  Second,  the  received  wave  field  will  consist  of 
two  components  -  one  with  a  wave-normal  angle  below  about  60  deg  and  one  with 
a  wave-normal  angle  above  60  deg.  The  one  with  the  wave-normal  angle  above  60 
deg  will  be  an  order  of  magnitude  stronger  than  the  one  below  60  deg  and  thus 
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Fig.  4.  Magnetic  field  Intensity  at  a  distance  of  100  km  In  the  Ionosphere 
for  a  transmitter  frequency  of  1000  Hz  as  a  function  of  the  wave- 
normal  angle  of  the  whlstler-mode  vector. 


Table  1.  Ionospheric  and  Antenna  Parameters  Used 
for  the  Radiation  Calculations 


IONOSPHERE 

Electron  Density 
Magnetic  Field 
Ion  Charge 
Mass  Ratio 

Height  of  Ionosphere 


2.4  X  10^  cm"^ 
0.428  Gauss 
1 

16 

90  ,  000  m 


ANTENNA 


Antenna  Current 
Azimuthal  Angle 
Antenna  Radius 
Turns 
Distance 
Magnetic  Moment 


30  amps 
0  deg 
1 .65  m 
100 

100,000  m 
25,659  amp-m^ 


MAGNETIC  INDUCTION 
(Times  10E-11 


’r,*.  u 


Fig.  6.  Magnetic  field  Intensity  at  a  distance  of  100  km  in  the  Ionosphere 
for  a  transmitter  frequency  of  1000  Hz.  The  field  strength  Is 
plotted  as  a  function  of  the  angle  between  the  geomagnetic  field 
direction  and  the  llne-of-slght  vector  to  the  subsatelllte. 
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MAGNETIC  INDUCTION  (dBT) 


will  dominate  the  signal  it  the  subsatellite  VLF  receiver.  For  trans- 
ionospheric  propagation  the  wave-normal  angles  near  60  deg  are  the  most 
important  because  they  will  produce  the  largest  signal  in  the  earth-ionosphere 
waveguide.  An  important  objective  of  the  flight  experiment  then  is  to  measure 
the  amplitude  of  this  maximum  which  occurs  near  a  wave-normal  angle  of  60 
deg.  In  physical  space  this  is  at  the  edge  of  the  group-velocity  cone  at  an 
angle  of  about  20  deg  with  respect  to  the  local  magnetic  field. 

Although  the  primary  objective  of  the  experiment  is  to  measure  the  radia¬ 
tion  pattern  and  field  strengths  in  the  ionosphere,  a  secondary  objective  is 
to  attempt  to  detect  the  signal  on  the  ground.  Figure  9  shows  the  basic 
concepts  involved.  The  most  Important  consideration  is  the  small  size  of  the 
transmission  cone  between  the  ionosphere  and  the  waveguide.  Only  a  small 
fraction  of  the  radiation  emitted  in  the  high  refractive  index  medium  can  be 
transmitted  across  the  boundary  into  the  neutral  atmosphere.  Although  a  full 
wave  treatment  is  required  to  obtain  accurate  numerical  results,  the  basic 
concepts  can  be  followed  using  a  simple  slab  model  in  which  the  antenna  is 
imbedded  in  a  semi-infinite  uniform  medium  representing  the  ionosphere  and 
magnetosphere.  The  lower  edge  of  the  ionosphere  is  terminated  at  90  km.  The 
receiver  is  assumed  to  be  at  the  surface  directly  below  the  exit  cone.  Note 
that  this  is  not  necessarily  directly  below  the  transmitter  because  the  energy 
is  propagating  at  an  angle  of  20  deg  with  respect  to  the  local  magnetic  field 
until  the  radiation  encounters  the  lower  boundary  of  the  ionosphere.  If  is 
the  index  of  refraction  in  the  ionosphere  and  n2  in  air,  then  nj  »  n2  and 
propagating  waves  in  the  air  can  only  result  from  waves  in  the  ionosphere 
which  have  wave  normals  with  angles  within  the  transmission  cone  whose  half¬ 
angle  is: 

0^  »  sin  ^  (n^/n^) 

In  the  slab  model  we  assume  that  the  signal  spreads  to  a  solid  angle  of  2v  in 
the  waveguide.  Using  this  simple  model  we  have  computed  the  magnetic  field 
strength  at  the  surface  for  a  variety  of  wave-normal  angles  and  antenna  point¬ 
ing  directions.  Figure  10  shows  the  results  for  a  signal  frequency  of 


1  kHz.  The  abscissa  is  the  polar  angle  of  the  antenna  axis  with  respect  to 
the  local  magnetic  field  direction.  The  largest  signal  over  the  entire  range 
of  polar  angles  occurs  at  the  maximum  in  the  radiation  pattern  near  60  deg 
wave-normal  angle.  Since  the  wave  normal  must  be  essentially  vertical  to  be 
in  the  transmission  cone,  the  maximum  signax  occurs  geographically  where  the 
magnetic  dip  angle  is  the  complement  of  the  wave-normal  angle.  In  this  case 
that  corresponds  to  a  magnetic  dip  angle  near  40  deg. 

The  signal  strength  at  500,  1000,  and  2000  Hz  is  below  the  ambient  noise 
at  those  frequencies.  However  the  signal  strength  at  4000  Hz  is  computed  to 
be  above  the  ambient  noise  near  the  exit  cone. 


V.  PLASMA  CHAMBER  TESTS 


In  order  to  test  this  concept  for  an  antenna  in  a  plasma,  a  scale-model 
loop  antenna  was  operated  in  a  5-m  diameter  space  plasma  simulation  chamber  at 
the  NASA  Lewis  Research  Center.  The  antenna  parameters  are  listed  in  Table  2. 
The  objectives  of  the  test  were  to  measure  the  absolute  value  of  the  complex 
impedance,  the  resonant  frequencies,  and  the  near  fields  of  the  antenna.  The 
thermal  properties  of  the  structure  and  plasma  instabilities  generated  by  the 
VLF  fields  were  also  measured. 

The  measurements  were  made  in  an  argon  ion  plasma  under  two  conditions. 

A  relatively  uniform  density  of  8  x  10^  elec/cm^  was  produced  using  four 
plasma  guns.  A  higher  density  of  1.2  x  10^  elec/cm^  was  produced  at  the 
antenna  by  augmenting  the  plasma  guns  with  a  plasma  thruster  at  one  end  of  the 
chamber.  The  thruster  produced  a  directed  flow  along  the  axis  of  the  chamber 
with  a  density  gradient  of  10^  elec/cm Vm.  The  electron  density  and  tempera¬ 
ture  were  measured  by  four  Langmuir  probes  placed  about  the  antenna.  In  the 
low  density  plasma  the  electron  temperature  was  1.1  eV.  In  the  high  density 
plasma  the  temperature  was  0.6  eV.  Helmholtz  coils  provided  a  0.4  G  field 
parallel  to  the  axis  of  the  cylindrical  vacuum  chamber. 

One  of  the  major  results  of  the  measurements  was  the  confirmation  that 
the  resonant  frequency  of  the  tuned  antenna  circuit  is  insensitive  to  the 
plasma  density.  Fig.  10  shows  typical  resonances  in  the  antenna  current  for 
the  antenna  in  the  plasma.  These  measurements  were  made  by  sweeping  the 
frequency  at  a  constant  amplifier  voltage.  Below  a  plasma  wave  Instability 
threshold  a  smooth  curve  is  obtained.  Above  that  threshold,  which  occurs  at 
an  antenna  current  of  8.6  A  r.m.s.  in  Fig.  10,  the  circuit  resistance  abruptly 
Increases.  There  is  only  a  slight  shift  in  the  resonant  frequency.  The 
resonant  frequency  for  three  different  values  of  the  tuning  capacitance  is 
shown  in  Fig.  11.  Even  in  the  absence  of  the  plasma  the  resonant  frequency 
depends  upon  the  orientation  of  the  antenna  in  the  tank.  The  resonant  fre¬ 
quency  is  slightly  lower  when  the  axis  of  the  antenna  ii  perpendicular  to  the 
axis  of  the  tank.  At  500  Hz  the  shift  in  the  resonant  frequency  is  smaller 


Table  2.  Scale-Model  Antenna  Parameters 


Diameter 

Height 

Weight 

Copper  Tubing 
Turns 

Structural  Material 


110  cm 
66  cm 
60.5  kg 
3/8  in  O.D. 
37 


Lexan 


FREQUENCY,  Hz 


Fig.  II.  Antenna  current  as  a  function  of  frequency  at  two  voltage  levels. 

The  higher  current  curve  shows  the  result  of  a  sudden  change  of  the 
Q  of  the  resonance  circuit  at  about  8.5  A. 
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than  the  resolution  (~  5  Hz)  of  the  measuring  Instruments  over  the  entire 
range  of  plasma  densities  and  antenna  orientations.  At  7000  Hz  there  Is  a 
shift  of  about  20  Hz  or  3  parts  In  10^  at  the  highest  density. 

The  series  resistance  of  the  circuit  at  resonance  Is  the  r.m.s.  voltage 
divided  by  the  r.m.s.  current.  The  histogram  In  Fig.  12  shows  this  series 
circuit  resistance  as  a  function  of  frequency  for  the  antenna  In  vacuum  and 
for  the  two  plasma  densities.  Table  3  shows  the  drive  current  for  each  condi¬ 
tion.  At  the  lower  frequencies  the  resistance  Is  almost  unaffected  by  the 
plasma.  At  the  higher  frequencies  the  resistance  Increases  as  the  density 
Increases. 

Using  available  tuning  capacitors,  the  resonant  frequency  of  the  circuit 
could  only  be  changed  In  discrete  steps  that  were  approximately  an  octave 
apart.  For  this  reason  It  was  not  possible  to  sweep  In  frequency  to  look  for 
Impedance  effects  near  the  lower-hybrid-resonance  frequency  (LHR).  The  LHR 
was  3.7  kHz  at  the  lower  density  and  4.1  kHz  at  the  higher  density.  The  data 
In  Fig.  12  suggest  that  the  increase  In  series  resistance  may  In  part  be  re¬ 
lated  to  the  LHR.  Well  below  the  LHR  the  resistance  was  Insensitive  to  den¬ 
sity,  while  above  the  LHR,  in  the  frequency  range  where  the  index  of  refrac¬ 
tion  has  a  resonance  cone,  the  resistance  Increased  with  density.  This  large 
Increase'  In  series  resistance  Is  not  predicted  by  existing  theosry  [Wang  and 
Bell,  1972). 

The  Increase  in  circuit  resistance  was  accompanied  by  an  Increase  In 
plasma  turbulence.  Fig.  13  shows  the  plasma  wave  spectrum  from  0  to  20  MHz  on 
a  small  electric  field  probe  In  the  plasma.  The  data  were  taken  at  a  nominal 
electron  density  of  1.2  x  10^  elec/cm^.  Fig.  14a  shows  the  background 
spectrum  In  the  plasma  In  the  absence  of  antenna  current. 

The  line  near  9  MHz  In  Fig.  14a  and  12  MHz  in  Fig.  14b  Is  an  EMI  line 
that  Is  not  related  to  the  antenna  measurements.  The  feature  from  14  to  16 
MHz  appears  when  the  plasma  thruster  is  turned  on.  It  Is  most  likely  related 
to  the  plasma  frequency  in  the  higher  density  region  near  the  aperture  of  the 
thruster. 
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Fig.  12.  Resonant  frequency  of  the  antenna  circuit  as  a  function  of  the 

angle  between  the  antenna  axis  and  the  imposed  external  magnetic 
field  for  the  antenna  In  vacuum  and  at  plasma  densities  of  5  x  l 
and  1  X  10”  cm“^  for  three  different  values  of  the  tuning 
capacitance:  (a)  79  pf,  (b)  22  pf,  and  (c)  6.3  pf. 


Table  3.  Drive  Current  in  Amps  r.m.s.  for 
the  Data  Shown  in  Fig.  3 
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Fig.  13.  Histogram  of  the  antenna  circuit  series  resistance  at  resonance  for 
the  five  frequencies  and  three  plasma  conditions  used  in  the  plasma 
chamber  tests. 
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Fig.  lA.  Wave  spectrum  in  plasma  in  the  frequency  range  from  0  to  20  MHz. 

a)  Background  with  no  antenna  current,  b)  Antenna  current  of  22.4  A 
RMS  at  1843  Hz. 


Fig.  13b  shows  the  spectrum  with  the  VLF  antenna  carrying  22.4  A  at 
1843  Hz.  The  broad  feature  near  9  MHz  peaks  near  the  plasma  frequency.  The 
"picket  fence"  structure  in  the  spectrum  is  an  artifact  of  the  data  presenta¬ 
tion.  The  sweep  rate  of  the  spectrum  analyzer  was  5  ms/dlvlsion.  At  1843  Hz 
that  is  about  0.1  division  per  cycle.  That  is  the  spacing  of  the  "picket 
fence"  structure.  We  conclude  that  the  wave  turbulence  in  the  MHz  frequency 
range  is  being  modulated  almost  100%  by  the  VLF  signal  on  the  antenna. 

The  increase  in  the  circuit  resistance  is  most  likely  due  to  power  lost 
to  plasma  wave  turbulence.  The  wave  diagnostics  were  not  designed  to  Identify 
the  wave  modes.  Scarf  and  Fredericks  [1972]  have  described  an  energy  dissipa¬ 
tion  process  induced  by  large  amplitude  electric  fields  and  by  the  transient 
production  of  unstable  plasma  distributions.  These  effects  can  not  be  quanti¬ 
tatively  evaluated  by  theoretical  analysis  because  the  loop  antenna  geometry 
is  too  complex. 

The  a.c.  magnetic  field  component  of  the  near  field  was  measured  by  small 
search  colls  at  several  locations  about  the  antenna.  The  near  magnetic  field 
was  directly  proportional  to  antenna  current  and  Independent  of  the  plasma 
density  as  expected  from  Ampere's  law  in  Maxwell's  equations. 


VI.  SUMMARY 


A  loop  antenna  configuration  is  being  defined  for  a  transmitter  to  radi¬ 
ate  VLF  waves  within  the  Ionosphere.  A  one-third  scale  model  was  tested  In  a 
space-plasma  simulation  chamber  at  NASA  Lewis  Research  Center.  The  following 
results  were  obtained : 

1.  The  resonant  frequency  of  the  antenna  circuit  was  Insensitive  to  the 
plasma  density. 

2.  The  series  resistance  of  the  circuit  Increases  in  the  plasma.  This 
Increase  Is  small  below  1  kHz  and  large  above  3  kHz.  The  Increased 
resistance  Is  attributed  to  power  lost  to  plasma  turbulence. 

3.  The  Intensity  of  the  ac  magnetic-field  component  In  the  near  field 
of  the  antenna  In  the  plasma  Is  unchanged  from  Its  value  In  free 
space. 

A.  The  Impedance  of  the  antenna  Is  insensitive  to  the  rotation  angle 

with  respect  to  the  d.c  magnetic  field.  In  particular  no  significant 
Impedance  variations  occurred  at  angles  of  0  and  90°. 

These  tests  confirm  that  a  full  size  antenna  can  be  tuned  using  fixed 
capacitance.  The  losses  to  be  expected  from  plasma  turbulence  with  the  full 
size  system  cannot  be  readily  extrapolated  from  the  scale  model  tests.  In 
particular  the  voltage  across  the  terminals  of  the  full  size  antenna  will  be 
significantly  larger  than  the  voltages  across  the  terminal  of  the  model. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporatloa  functioas  as  an  "architect-engineer**  for 
national  security  projects,  specializing  in  advanceu  military  space  systems. 
Providing  research  support,  the  corporation* s  Laboratory  Operations  conducts 
experimental  and  theoretical  investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  vlde-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  Che 
research  effort  are  these  individual  laboratories: 


Aerophyaics  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  excimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory;  Atmospheric  chemical  reactions, 
atmospheric  optica,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of-field-of-viev  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  infrared  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spacebome 
computers,  fault-tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory;  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  cooBunications;  micro¬ 
wave  semiconductor  devices,  microwave/millimeter  wave  measurements,  diagnos¬ 
tics  and  radiometry,  microwave/millimeter  wave  thermonlc  devices;  atomic  time 
and  frequency  standards;  antennas,  RF  systems,  electromagnetic  propagation 
phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory;  Development  of  new  materials:  metals, 
alloys,  ceraalcs,  polymers  ao^ tHeir  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory;  Nagnetospheric,  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospherlc  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomy, 
infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
instrumentation. 


